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Abstract

Natural organic matter (NOM) is a very complicated mixture of organic
compounds and is detected in all groundwater and surface waters. Besides
NOM has a direct effect on health, it touches the performance of drinking
water treatment processes (DWTPs) and so the safety of potable water. NOM
may also disturb consumer satisfaction since it could participate in undesira-
ble colors, tastes, and odors in potable water. This work aims to provide an
insight into the effects of NOM on the global quality of drinking water, com-
prising its possible impacts on DWTPs and soon the safety of drinking water.
It outlines the parameters that touch the level and property of NOM and ex-
amines the indexes to adopt when suggesting a NOM control strategy. Water
source becomes highly polluted by organic compounds at a level that chemi-
cal oxygen demand is presently used to characterize surface water and bio-
logical treatment is suggested as a process for NOM removal in the DWTPs.
Such behavior was not thinkable thirty years ago. The coagulation process
remains importantly influenced by practical variables such as mixing condi-
tions and pH control. Employing membrane processes instead of singular
chemical oxidation and coagulation should be more promoted as water sup-
plies become highly polluted in organic compounds.
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1. Introduction

The health impacts of natural organic matter (NOM) are attributed to its influ-
ence on drinking water treatment processes (DWTPs) that are aimed to protect
drinking water quality and public health [1] [2] [3]. NOM could touch tech-
niques selected to eliminate or kill pathogenic microorganisms, participate in the
generation of disinfection by-products (DBPs) and promote the growth of bio-
films in the distribution system [4] [5] [6]. Further, its occurrence could form
situations that lead to augmented lead and/or copper levels in treated water that
are due to its effect on corrosion [7] [8] [9].

The treatability and reactivity of NOM change considerably throughout the
world since each water source has unique characteristics [1] [10] [11]. As NOM
is composed of several organic compounds, it cannot be quantified directly [12]
[13] [14]. Nevertheless, there are some additional parameters that could be uti-
lized to give a sign of the level and quality (ie., physicochemical and biodegra-
dability features) of NOM [15] [16] [17]. It is crucial to comprehend differences
in NOM levels and quality with a view to choice, design, and run suitable
DWTPs [18] [19] [20].

Suggesting an efficient NOM control strategy requires to be founded on an
excellent comprehension of [1] [21] [22]: 1) changes in the level and feature of
NOM in the source water, comprising those attributed to climate change, land-
scape changes or source water protection programs [23] [24] [24]; 2) NOM’s ef-
fect on DWTPs and the influence of water treatment on NOM, for the full range
of water quality conditions [26] [27] [28]; and 3) its possible effects on water
quality in the distribution system [29] [30] [31].

Source-specific treatability investigations, comprising bench- and/or pi-
lot-scale testing, are primary to define the most efficient treatment solution(s) to
eliminate NOM, reduce its reactivity to produce DBPs, decrease its capability to
participate in corrosion, and treat biologically stable water for distribution [1]
[32] [33]. The shortage of a source-specific treatability investigation can lead to
the adoption of unsuitable treatment, an augmentation in DBP levels after the
application of the treatment, or other not planned outcomes [34] [35] [36]. Since
water sources or DWTPs could vary over time, it is fundamental to usually ob-
serve the level and quality of NOM and to assess its influence on treatment, wa-
ter quality, and distribution system circumstances [37] [38] [39].

This work aims to provide an insight into the effects of NOM on the global
quality of drinking water, comprising its possible impacts on DWTPs and so on
the safety of drinking water. It outlines the parameters that touch the level and
property of NOM and examines the indexes to adopt when suggesting a NOM
control strategy. It also furnishes specific guidance on treatment, monitoring,

and water quality goals.

2. Terminological Conventions

Potable water guidelines, standards, and/or guidance from other national and
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international organizations could differ because of the date of the assessments as
well as different policies and approaches [40] [41]. International organizations
have not established numerical limits for NOM in drinking water [42] [43]. The
United States Environmental Protection Agency’s (U.S. EPA) Rule for disinfec-
tants and Disinfection By-products requires removal of total organic carbon
(TOC) by surface water facilities using conventional or lime softening water
treatment with levels of TOC above 2 mg/L in their source water [44] [45]. Re-
searchers suggest an optimized NOM removal as a means to minimize biofilm
growth in the distribution system [46] [47]. The European Union regulations in-
clude TOC as a general water quality indicator; in some jurisdictions, chemical
oxygen demand (COD) can be used in place of TOC [48] [49]. In Australia,
guidance has been developed for water utilities to help them understand and
control the impact of NOM [1] [50] [51].

3. Facts on Natural Organic Matter (NOM) in Drinking Water
3.1. Natural Organic Matter (NOM) Background

Natural organic matter (NOM) is a highly complicated mixture of organic com-
pounds that differ considerably in terms of their physicochemical properties [52]
[53] [54]. NOM exists normally in nature; further, it could be the consequence
of human activities [55] [56] [57]. NOM is observed in particulate, colloidal and
dissolved forms in all ground and surface waters, as well as in rainwater [58] [59]
[60]. Besides exposure to NOM in nature is familiar and is related to direct
health impacts (such as Blackfoot Disease [5] [61] [62]), the occurrence and fea-
tures of NOM will possess great effects on DWTPs aimed at protecting public
health [63] [64] [65]. NOM has a crucial action in drinking water treatment for
several causes [1] [66] [67]. First, NOM could participate indirectly in health ef-
fects in several fashions, involving: 1) it provokes a coagulant demand that could
conduct to suboptimal coagulation circumstances and decay of pathogen log
reduction potential [68] [69] [70]; 2) it induces a chemical disinfectant demand
or interferes with ultraviolet (UV) disinfection that could conduct to decay of
pathogen log demobilization’s potential [71] [72] [73]; 3) it generates regulated
and non-regulated DBPs when it reacts with disinfectants [74] [75] [76]; 4) it
promotes the growth of distribution system biofilms that could host pathogens
[77] [78] [79] and; 5) it affects corrosion and could form circumstances that lead
to elevations in the lead and/or copper levels as a consequence of corrosion of
lead- and/or copper-bearing materials (e.g., piping, fittings) [80] [81] [82].
Moreover, DWTPs could be greatly touched by numerous NOM-provoked
running problems, namely 1) augmented coagulant injection [83] [84] [85]; 2)
bad floc generation or settling [86] [87] [88]; 3) shorter filter run times [89] [90]
[91]; 4) more repeated backwashes [92] [93] [94] [95]; 5) augmented sludge
formation [96] [97] [98]; 6) decreased hydraulic potential [99] [100] [101]; 7)
membrane fouling [102] [103], higher transmembrane pressure and energy

consumption, more frequent chemical cleaning and shorter membrane life [104]
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[105] [106]; and 8) decreased performance of adsorption and ion exchange
processes [1] [107] [108].

Further, NOM could conduct to an elevation in consumer complaints since it
could participate in the unwanted color, tastes, and odors in drinking water [1]
[109] [110].

3.2. Applying Risk Management Approaches

To guarantee water safety, all DWTPs must apply a risk management procedure
like the source-to-tap or water safety plan’s procedure [1]. Such procedures need
a systematic assessment that implies analyzing the water source, determining the
treatment barriers that avert or decrease pollution, underlining the circums-
tances that could lead to pollution, and defining control actions [111]. Usable
monitoring is then determined and usable/management protocols are estab-
lished (like usual running plans of action, corrective actions, and incident reac-
tions) [47]. Compliance monitoring is defined and other protocols to validate
the water safety plan are applied (such as record keeping and consumer satisfac-
tion) [47] [112]. Further, operator training is needed to guarantee the perfor-
mance of the water safety plan at all conditions [9] [39] [113].

When suggesting and applying a risk management procedure, it is crucial to
perceive how NOM could indirectly lead to health effects [1] [114]. NOM could
augment prior to variations in turbidity and flow and could stay increased after
turbidity and flow have returned to baseline circumstances [115] [116]. There-
fore, variations in NOM can go undetected and a deterioration in pathogen log
reduction could happen if appropriate monitoring is not used [117] [118] [119].
The aim of the NOM control procedure must be to guarantee protection from
pathogens’ hazards at all periods while reducing DBP [120], lead and copper le-
vels, and controlling biofilm generation in the distribution system [121] [122]
[123].

3.2.1. Source-Specific Treatability Investigation

Source-specific treatability investigations are proposed to define the most effica-
cious treatment solution(s) to adequately reduce NOM and to satisfy water qual-
ity targets in terms of microbial dangers, DBPs, biological stability, and corro-
sion control [1] [38] [110]. Evolving a powerful comprehension of the source
water is requested to guarantee that a reliable, robust, and resilient treatment
procedure is adopted [3] [91] [99]. Source-specific monitoring prior to facility
design is required to estimate seasonal changes in NOM and forecast extreme
circumstances due to alterations in climate [87] [98] [109]. The treatability study
must implicate bench- and/or pilot-scale testing, as well as DBP formation po-
tential trials that are representative of distribution system conditions [28] [79]
[83].

3.2.2. Source-Specific Monitoring
The level and quality of NOM must be monitored in raw, treated and distribu-
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tion system water to guarantee that 1) treatment is regulated for NOM and tur-
bidity removal, 2) DBP, lead and copper levels are as low as reasonably attaina-
ble and, 3) biofilm generation is reduced [1] [2] [115].

A source-specific monitoring plan has to be proposed to make certain that
DWTPs are aware of 1) raw water quality alterations in terms of NOM level and
quality, 2) the influence that NOM has on DWTPs through all water quality cir-
cumstances, 3) the effect that treatment has on NOM level and quality and, 4)
the influences on distribution water quality [1] [5] [47].

The monitoring plan must be complete and implicate source characterization
and operational and compliance monitoring (Table 1) [1] [47]. Further, it has to
establish that water quality objectives are invariably satisfied for microorgan-
isms’ dangers, DBPs, biological stability, and corrosion control [29] [31] [32]. If
possible, continuous online monitoring must be utilized for highly variable
sources (that is to say, those that fluctuate with precipitation/snowmelt events)
and critical processes (like coagulation) [55] [93] [108] (Table 2 and Table 3).

Table 1. Monitoring plan for source water assessments, treatment and operational monitoring, distribution system and suggested

parameters and frequencies [1] [2] [47].

Element

Description

Source water
assessments

Treatment and
operational
monitoring

Distribution
system

Suggested parameters
and frequencies

Source water assessments must be part of routine system assessments. They have to implicate a
comprehension of NOM sources in the watershed/aquifer, the circumstances that conduct to alterations
in the level and/or quality of NOM (such as precipitation/snowmelt events, algal blooms, drought, fire),
and the parameters that improve the reactivity of NOM to produce DBPs (like reaction variables,

water age, and inorganic compounds like ammonia, bromide, iodide, and sulfur). Surface and subsurface
sources must be analyzed in terms of NOM and inorganic compounds. The frequency of source water
characterization monitoring is a function of the variability of the source; further,

highly variable sources must be observed more frequently.

The level and/or type of NOM could possess a crucial impact on the selection, design,

and operation of DWTPs. Indeed, DWTPs must be aware of

1) the origin, occurrence, and fluctuations in NOM;

2) interactions between NOM and other water constituents (like enhanced reactivity because of bromide);
3) interactions with chemical products introduced during treatment (such as NOM forms a disinfectant
and coagulant demand that must be overcome to treat microbiologically safe drinking water);

4) interactions between NOM and unit processes (like NOM fouls adsorbents and membranes) and;

5) its influences on distribution system water quality (such as DBPs and biological stability).

Biodegradable organic matter (BOM) promotes biofilm development in the distribution system.
Biofilms could furnish habitat for the survival of microorganisms that may have passed through
DWTPs or entered the distribution system directly via an integrity breach. The most significant factors
for dominating the vegetation of bacteria in distribution systems are maintenance of a disinfectant
residual, limitation of BOM, and corrosion control. Keeping the physical/hydraulic integrity

of the distribution system and decreasing negative- or low-pressure events are other fundamental
components of a source-to-tap or water safety plan’s approach.

Table 2 summarizes proposed factors, sampling locations, and frequencies that could constitute the
foundation of a thorough monitoring program. A large number of the mentioned factors

(such as disinfectant residual, DBPs) are previously being monitored in most treatment plants

as part of a source-to-tap approach to treating safe drinking water. Additional variables are comparatively
plain to apply (like UV absorbance) and furnish fast findings. Proposed water quality aims are
summarized in Table 3. These are proposed as guidance only founded on the literature review.
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Table 2. Suggested parameters for a comprehensive monitoring program for treating safe drinking water [1] [2] [47].

Frequency
Parameter Location
Variable source  Stable source Ideal
Organic color (true color) Raw and treated Daily Weekly Online
UV absorbance (at 254 nm, UV,;,) Raw and filtered® Daily Weekly Online
Raw, treatment processes”
Chemical d d (COD Dail Weekl Onli
emical oxygen demand ( ) and treated aily eekly nline
Dissolved or total organic carbon (DOC or TOC) Raw and treated® Weekly Monthly Online
Specific UV absorb SUVA)—calculate fi
pectiic absorbance ( )—calculate from Raw and treated® Weekly Monthly Daily
UV,s, and DOC
Inorganic compounds that can enhance the
reactivity of NOM to form DBPs:
- Ammonia Quarterly Quarterly Quarterly
- Bromide Quarterly Quarterly Quarterly
Raw and treated
- Iodide Quarterly Quarterly Quarterly
- Sulphur Quarterly Quarterly Quarterly
Coagulant demand Coagulation process* Daily Daily Online
Zeta potential or streaming current—when NOM . . X .
. Coagulation process® Online Online Online
controls or influences coagulant dose
Quarterly (measure DOC and inorganic
Disinfection by-products (DBPs) Distribution system compounds on same day to calculate
specific DBP yields to assess NOM reactivity)
Biological stability:
- Disinfectant residual Weekly Weekly Online
- Biofilm formation rate—measured by adenosine
R i o Every two weeks Monthly
triphosphate (ATP) accumulated on mild steel coupons Distribution system
- Co.rrosion ra.te—m‘easured by linear polarization Monthly Monthly
resistance using mild steel coupons
Influence of NOM on corrosion:
- Lead In accordance with corrosion control program
- Copper In accordance with corrosion control program

*Disinfection will decrease UV absorbance without a related decrease in DOC. Therefore, to estimate the treated water SUVA, UV254 must be measured in
filtered water pre-disinfectant addition and divided by the treated water DOC, then multiplied by 100. "COD decreases across each treatment process. Mon-
itoring locations will vary depending on the process trains in place (e.g., flocculation, clarification, and filtration) and the DWTP’s continuous improvement
program. “Strict pH control is critical for NOM removal. As alkalinity affects pH control, pH and alkalinity are other important coagulation process moni-
toring parameters.

Table 3. Suggested treated water quality targets [1] [2] [47].

Parameter Units Source witl.1 higl.1 sp‘ecif“.lc DBP yield Sou‘rce with l?w
or extensive distribution system specific DBP yield
Organic color TCU* 5-10 <15
UV absorbance (at 254 nm, UV,;,) cm™! 0.02 - 0.04 0.02 - 0.07
UV transmittance Percent 90 - 95 85-95
COD® mg/L O, <5 <5
DOC*—for DBP control mg/L C* <2 <4
DOC—for biological stability mg/L C* <1.8 <1.8

*TCU = true color units; "COD = chemical oxygen demand; “O, = oxygen; “DOC = dissolved organic carbon; °C = carbon.
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4. Definition of Natural Organic Matter (NOM)

NOM is a very complicated mixture of organic compounds differing in polarity,
acidity, charge density, and molecular mass [1] [2] [11]. Further, NOM could
vary from biodegradable (ie., labile or semi-labile) to less biodegradable (ie,
recalcitrant or refractory) [2] [11] [108]. Since NOM includes several organic
compounds, it could be classified founded on its polarity (ie., hydrophobic or
hydrophilic) and acid/neutral/base features [2] [11] [108]. It is well established
that such a procedure leads to six NOM portions, as mentioned in Table 4 [1]
[124] [125]. Compound categories inside such portions have also been defined
[109]. Compound categories furnish the highest degree of specificity possible,
due to the number of compounds that can be existing [2] [11] [108].

The size and shape of NOM are affected by the pH and ionic strength of the
water (Figure 1) [1] [20] [40]. At low pH and high ionic strength, NOM could
possess a rigid, compact, coil shape [21] [24] [40]. However, at high pH and low
ionic strength, it could possess a flexible linear filament shape [13]. Several
compounds could show both hydrophobic and hydrophilic features (ie, am-
phipathic) and have both negative- and positive-charged functional groups (ie.,
amphoteric) [20] [40]. Portions carrying polysaccharides, proteins, and amino
sugars possess the highest molecular weights (>10 kDa), while the molecular
weights of humic and fulvic acids usually range from 2 kDa to 5 kDa and from
0.5 kDa to 2 kDa, respectively [126]. Further, lignin and tannin derivatives are
also abundant in the high to medium molecular weight portions [21] [24] [40].
The smallest NOM portions (<0.5 kDa) have a tendency to be hydrophilic com-
pounds [1]. The most biodegradable portions comprise carbohydrates, amino
acids, and proteins; however, the most recalcitrant include lignins, tannins, and
terpenoids [21] [24] [40].

Table 4. NOM portions and compound classes [1] [124] [125].

Fraction Compound classes
Hydrophobic

Strong acids
Humic and fulvic acids, high molecular weight alkyl monocarboxylic

and dicarboxylic acids, aromatic acids

Acids
Weak acids
Phenols (e.g., lignin), tannins, medium molecular weight alkyl monocarboxylic
and dicarboxylic acids
Bases Proteins, aromatic amines, high molecular weight alkyl amines
Hydrocarbons (e.g., terpenoids), aldehydes,
Neutrals . K
high molecular weight methyl ketones and alkyl alcohols, ethers, furans, pyrrols
Hydrophilic
. Hydroxyl acids, sugars, sulphonics,
Acids? . . . s
low molecular weight alkyl monocarboxylic and dicarboxylic acids
Bases Amino acids, purines, pyrimidines, low molecular weight alkyl amines
Neutrals Proteins, carbohydrates (e.g., polysaccharides, low molecular

weight alkyl alcohols, aldehydes and ketones), cellulose and cellulose derivatives

*Hydrophilic acids can also be reported as transphilic NOM [1].
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Figure 1. Coagulation mechanisms for microcystin-LR removal [5].

5. Origins and Presence of Natural Organic Matter (NOM)

The concentration and feature (that is to say, physicochemical and biodegrada-
bility characteristics) of NOM could be so changing due to the different hydro-
logical and biogeochemical processes that influence the origins of NOM [40]
[127]. Such a phenomenon is in short discussed in the Sections 6 and 7, along
with factors that have historically been employed to measure organic matter, in-
cluding 1) organic color, as a measure of humic and fulvic acids and, 2) organic
carbon, the fundamental constituent of NOM [1] [13] [40]. Additional variables
that could be utilized to quantify and characterize NOM are reviewed later in

this work.

5.1. Origins of Natural Organic Matter (NOM)

There are two natural origins of NOM: allochthonous (i.e., derived from the ter-
restrial ecosystem) and autochthonous (Ze., derived from the plants and micro-
organisms growing in the water body) [40] [127]. Further, anthropogenic (hu-
man) activities could participate in NOM [1].

Allochthonous NOM is transmitted to aquatic mediums as precipitation
moves through the atmosphere and vegetative canopy, infiltrates organic soil
layers, and percolates downward through mineral soil layers [1] [40]. Soil hu-
mus, plant litter, microbial biomass, and root exudates participate in alloch-
thonous NOM [128]. Allochthonous NOM has a tendency to be naturally hy-
drophobic [11].

Autochthonous NOM is extracted from phytoplankton, algae, cyanobacteria
and macrophytes (Ze., plants attached to or rooted in the substrata of lakes and
streams) and can account for 5% - 100% of the DOC concentration, following

some circumstances [2] [129]. When allochthonous inputs are increased, like in
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colored water sources or during precipitation/snowmelt events (Ze., stormflow
situations), the fraction of autochthonous NOM has a tendency to be small [1].
On the contrary, when allochthonous inputs are small, like in limpid water
sources or during dry periods when there is little runoff, the fraction of autoch-
thonous NOM has a tendency to be elevated [1]. Autochthonous NOM involves
a large domain of compounds (mono- and polysaccharides, amino acids, pep-
tides, proteins, nucleic acids, organic acids, lipids, and fatty acids) [130] [131].
DOC is formed via the generation and degradation of the microbial and plant
biomass inside water sources [132] [133]. Algal inputs have a tendency to prevail
in wide lakes, while macrophytes have a tendency to be the main contributor in
small lakes [134]. Algal and cyanobacterial blooms, especially, constitute a
source of DOC that could be periodic and intense [12] [16] [29]. Cyanobacterial
blooms can be related to more water quality problems because of the possible
occurrence of cyanobacterial toxins [57] [91] [109]. Autochthonous NOM has a
tendency to be naturally hydrophilic and nitrogen-rich [11].

Anthropogenic origins of NOM comprise septic systems, wastewater treat-
ment and stormwater discharges, agricultural runoff, and industrial discharges.
Anthropogenic NOM is noted to be naturally hydrophilic [135] and nitro-
gen-rich [136]. Watersheds heavily influenced by anthropogenic sources may
observe a reduction in TOC or DOC following the amelioration of wastewater or
stormwater treatment [1] [137].

Raw water NOM concentrations are regarded as the net influence of hydro-
logical and biogeochemical processes in the watershed or aquifer [138]. The
concentration and quality of NOM and thus its treatability (that is to say, the
possibility to be eliminated) and reactivity (that is to say, the probability to pro-
duce DBPs) change considerably from one source to another, as each water
source possesses unique characteristics. For instance, researchers [139] men-
tioned that two lakes in Nova Scotia only 1 km apart had TOC concentrations of
5.6 and 17.2 mg/L, respectively. In the low TOC lake, the retention time was 1.27
years and organic soils were absent; however, in the high TOC lake, the reten-
tion time was 0.35 years and organic soils were present. Longer retention times
have a tendency to decrease the DOC concentration. Nevertheless, scientists
[140] affirmed that the evapoconcentration of refractory NOM conducted to
augmented DOC concentrations with elevating retention time in the sub-humid
and semi-arid zones of Alberta. Several researchers have found identical results
concerning the variability and uniqueness of NOM for sources in close proximi-
ty to each other [1] [137].

As a rule, NOM concentrations are lower in groundwater sources since the
organic matter is exposed to adsorption and microbial decomposition pheno-
mena as it is transported across the soil [125] [127]. Nevertheless, such pheno-
mena are restricted by the quantity of biodegradable NOM that is existing. On
the contrary, some groundwater flows through aquifer materials that are rich in

organic matter leading to high organic carbon concentrations [141] [142]. Fol-
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lowing some published documents, organic carbon concentrations in some
North American groundwaters range from <0.1 to 22 mg/L [1]. Seasonal varia-
bility could happen on a per well basis, so reliance on a single sample to
represent groundwater quality may be confusing [1].

The NOM in groundwater has a tendency to be more hydrophilic and recalci-
trant naturally [1] [143] and almost as reactive as surface water NOM on an mg/L
DOC basis [137] [144]. For instance, researchers [1] noted particular DBP yields of
67 ug trihalomethanes (THMs)/mg DOC and 29 pg haloacectic acids (HAAs)/mg
DOC for small groundwater supplies utilizing chlorination. Groundwater sources
could possess higher levels of bromide or iodine that could participate in their ca-
pacity to produced DBPs [1] [145].

Consequently, localized circumstances possess an extremely crucial contribu-
tion in setting the level and quality of NOM [137] [145]. Presence facts discussed
above call attention to the variability that could happen, with or without a re-
lated alteration in DOC level [1] [146] [147]. Further, the facts illustrate that
even if groundwater has a tendency to possess lower NOM levels, some sources
could possess increased levels. Therefore, both surface and subsurface sources

have to be analyzed.

5.2. Presence of Natural Organic Matter (NOM)

The level and quality (physicochemical and biodegradability characteristics) of
NOM could be greatly changing due to the several hydrological and biogeo-
chemical phenomena that export, form, or decompose NOM (Table 5, Table 6)
[1].

Table 5. Presence of natural organic matter (NOM): Level and quality [1].

Element Description

Researchers [1] summarized the monitoring data that were accessible
for their review. Table 6 displays the DOC monitoring data collected in
2009 and 2010 from chosen drinking water sources in every region of
Level Canada [1]. Such facts as well show lower DOC levels in groundwater
with a minimal change between raw and treated water concentrations.
For the surveyed surface water supplies, average treated water DOC
ranges from 3.2 - 3.4 mg/L in summer and 2.8 - 3.5 mg/L in winter.

Numerous investigations have analyzed the six NOM portions (see Table 4)
found in several Canadian source waters [1]. Researcher [148] examined
a lake source in Nova Scotia and detected important temporal variability
in the six NOM fractions; however, DOC levels stayed low with minimal
alteration. Investigators [149] investigated a river source in Manitoba
and as well noted important temporal variability in the six NOM

Quality portions but with fluctuations in DOC levels. Other researches established
that NOM quality could change greatly by location [1]. The findings of
such fractionation investigations proved the variability that could happen
in the NOM feature—with or without a related modification in the
DOC level. Moreover, the findings show that the hydrophilic neutral
portion could sometimes include a considerable part of NOM.
Such a part could be especially troublesome [1].
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Table 6. Dissolved organic carbon (DOC) facts from the health Canada national survey
[1].

Source Sample Summer DOC (mg/L)* Winter DOC (mg/L)*
type type n  Median Mean 90" percentile 17 Median Mean 90" percentile
Raw 18 0.7 1.8 4.0 16 0.7 2.0 4.4
Well
Treated 17 0.8 1.6 4.3 15 0.8 1.7 4.5
Raw 21 4.0 7.3 11.5 20 4.6 6.6 9.7
Lake
Treated 21 2.8 3.2 5.2 20 2.4 3.5 5.6
Raw 26 5.9 7.2 14.2 21 4.7 5.8 10.0
River
Treated 26 2.6 34 6.0 21 2.6 2.8 5.4

*Method detection limit of 0.2 mg/L.

6. Ecological Consequences

Ecological parameters could modify the NOM level and/or the special role of al-
lochthonous, autochthonous, or anthropogenic inputs and that way alter its
quality. Such alterations may touch water sources and water treatment tech-
niques (Table 7) [1].

Moreover, investigators have observed that wildfires could lead to long term
(>10 years) water quality regression that considerably modifies the level and
quality of NOM, and that manner greatly affects water treatment technology
[158]. Wildfires are predicted to augment in frequency because of alterations in
climate [159]. Additional water quality alterations that are predicted to take
place because of a modifying climate and exacerbate NOM-related effects in-
volve augmented water temperature; augmented variability in runoff; and ele-
vated nutrient loading due to extreme runoff events [159]. An elevation in the
frequency and severity of algal development and cyanobacterial blooms is fore-
cast to be related to these modifications [1] [159].

7. Effects of Natural Organic Matter (NOM)

Even if NOM has direct health effects (such as Blackfoot Disease [5] [61] [62]), it
greatly influences drinking water treatment and could participate in indirect

health effects, as well as operational and aesthetic issues [1].

7.1. Indirect Health Effects
7.1.1. Pathogen Log Reductions

As a rule, potable water treatment involves physical removal barriers (such as
clarification and filtration) that are assigned pathogen “log removal” credits, and
inactivation barriers (primary disinfection) that are assigned “log inactivation”
credits. NOM greatly affects both [1].

For chemically founded clarification/filtration techniques, NOM appeals to a
coagulant demand that must be overcome before neutrally charged floc particles

could generate [1] [11] [108]. Neutrally charged floc particles are required for
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Table 7. Environmental considerations [1].

Ecological parameter

Seasonal or
weather-related
impacts

Additional
ecological
impacts

Description

Several scientists noted an elevation in NOM level and a modification in its quality following snowmelt,
spring runoff, or heavy rain [1] [137]. DOC levels could quickly augment four- to five-fold during
precipitation/snowmelt events that flush terrestrial NOM into a water body [125]. The highest levels could
happen in the summer and autumn during which temperatures are warmer, biological activity is high,

and high-intensity/short-duration rainstorms are frequent [1].

Precipitation and snowmelt events could greatly damage the coagulation technique for several causes.
First, water quality alters during stormflow circumstances that provoke difficult coagulation disorders
(such as pH, alkalinity, ionic strength, divalent ion concentration). Second, NOM has been shown to augment
prior to alterations in turbidity or flow and could stay increased after turbidity and flow have returned to
baseline circumstances. Therefore, if the coagulant injection is controlled founded on flow or turbidity,
coagulant may be under-dosed, conducting to suboptimal coagulation circumstances. It is well established
that suboptimal coagulation situations conduct to an important failure in pathogen log removal credits.
Rainstorms during winter or spring could be challenging since low temperatures could diminish the
performance of the coagulation technique [1].

An augmentation in DOC levels over the previous numerous decades has been noted in Canada,

North America, the United Kingdom, northern Europe, and Japan [1] [135]. At sites where

DOC has augmented, waters have also often become more colored [1].

In terms of augmenting DOC trends, scientists propose reduced atmospheric acid deposition

(i.e., sulfur emission controls) and climate change agents as two fundamental considerations [1].

Declining acid deposition explained >85% of the increasing DOC trends in North America,

the United Kingdom, and Europe, except in the United Kingdom and Newfoundland. In such areas,
augmenting sea salt deposition demonstrated DOC declines in some regions. There were no trends between
DOC and augmenting temperature or atmospheric CO, levels. Scientists [150] performed pilot-scale
acidification tests and proved that decreased acid deposition conducts to augmented DOC and color levels,
implying an elevation in NOM mobility with sulfur emission controls. Concerning organic color,

such a tendency has been related to iron complexing with DOC [1] [151] [152]. Nevertheless,

the pathways are not very grasped. Moreover, researchers [153] discovered that iron was always existent
with organic color; however, no link could be confirmed between the iron content and color.

Augmenting DOC and/or color levels could considerably touch DWTPs applying coagulation and filtration
techniques. Researchers [154] observed a four-fold augmentation in alum dose (12.9 to 49.5 mg/L) and

a 1.75-fold elevation in lime injection at a full-scale facility where true color increased from around

20 in 1990 to about 50 in 2015. Further, they noted that the plant hydraulic capacity was decreased by 26%.
Scientists [155] affirmed that the average coagulant injection at full-scale facilities in the United Kingdom
augmented from about 40 mg/L in 1992-1997 to 70 - 100 mg/L in 1998-2002 because of augmented color.
Researchers [156] performed pilot-scale investigations and noted that a 75% elevation in color in low turbidity
waters (<0.3 nephelometric turbidity unit, NTU) augmented the coagulant injection, sludge formation,
number of backwashes and residual TOC by 64%, 64%, 87%, and 26%, respectively. Moreover, filter run times
and hydraulic capacity were diminished by 47% and 10%, respectively. Further, they predicted elevated
chemical consumption for pH adjustment and augmented biological growth in the distribution system
because of higher residual organic carbon levels. Different investigators have observed that higher residual
organic carbon levels participate in elevated DBP generation [135] [157].

filters to run correctly and satisfy turbidity requirements for pathogen removal
[32] [51] [160]. NOM levels could augment without modification in turbidity or
flow and thus may go undetected. In addition, augmented NOM levels prompt
the necessity to elevate the coagulant injection to attain neutrally charged floc
particles; apart from that, suboptimal coagulation circumstances occur and a
reduction in pathogen log removal could happen [1].

Researchers [1] noted Cryptosporidium breakthrough and an elevation in
particle counts (2 - 5 pm, 5 - 10 um and 10 - 15 pm), at a full-scale direct filtra-

tion treatment plant, because of augmentation in color in the source water. Sev-
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eral investigators noted the breakthrough of particles > 2 pm at the pilot-scale
during periods of increased TOC [161]. Different researches mentioned that
Cryptosporidium removal via clarification/filtration could considerably suffer
during suboptimal coagulant circumstances (e.g., treatment effectiveness re-

duced by 2.0 to 3.4 logs as juxtaposed with optimal parameters) [1].

7.1.2. Generation of Disinfection By-Products (DBPs)

Chemical oxidants and disinfectants react with NOM to produce very toxic
DBPs [1] [38] [110]. All NOM portions participate in DBP generation, even if
certain portions produce more DBPs than other portions [162] [163]. Certain
non-regulated DBPs are more cytotoxic and genotoxic than regulated DBPs such
as THMs and HAAs [115] [164]. Even if THMs and HAAs could be utilized as
measures for the occurrence of additional DBPs, it is crucial to realize that their

generation mechanisms and reaction rates are various [1].

7.1.3. Biological Stability
The biological stability of potable water deals with the notion of preserving mi-
crobiological water quality from the point of treatment to the point of consump-
tion [1]. Heterotrophic organisms constitute the majority of bacteria in potable
water and draw their energy for growth, multiplication, and production of bio-
film matrix materials from the decomposition of organic carbon compounds
[165]. BOM promotes bacterial growth and biofilm development in the distribu-
tion system and premise plumbing that could conduct to problems, which have
public health importance. Biofilms give a habitat for the survival of fecal patho-
gens that may have passed through drinking water treatment barriers or entered
the distribution system directly via an integrity breach. Enteric viruses and pro-
tozoa could be observed in biofilms; even if such organisms cannot grow in such
medium, they can aggregate and be liberated over an extended period [1].
Further, treatment techniques greatly touch the composition and level of or-
ganic nutrients. For instance, oxidants like Cl, and O, form biodegradable prod-
ucts upon reaction with NOM [90] [137]. Ozone converts NOM to BOM; there-
fore, biologically active filtration could be needed to stabilize treated water.
Moreover, Cl, could react with the organic matter by that means augmenting the
quantities of assimilable organic carbon (AOC) and biodegradable DOC
(BDOC) which could worsen the issue of biofilm development in distribution
systems [1] [137].

7.1.4. Corrosion Effects

Corrosion is the decay of a material that results from a response with its me-
dium. In potable water distribution systems, corrosion could be provoked by
some parameters, comprising the kind of materials utilized in pipes and fittings,
the age of the piping and fittings, the stagnation time of the water and the water
quality in the system (particularly pH and alkalinity) [47] [53]. Additional pota-
ble water quality indicators that could affect corrosion involve temperature, cal-

cium, free chlorine residual, chloramines, chloride, sulfate, and NOM [1].
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NOM influences lead and copper corrosion [1] [166]. The impacts of NOM
on metal surfaces could be changed. NOM could furnish a protective film, re-
ducing corrosion (particularly over a long timeframe), or it could augment cor-
rosion via a set of pathways 1) NOM can complex with Ca** and prohibit protec-
tive scale generation or, 2) NOM can run as a food source for microbes that can

in turn attack the pipe surface and worsen corrosion [1].

7.2. Running Problems

7.2.1. Coagulation Technique

The coagulation process aims to neutralize the charge (ie., destabilize) of collo-
ids (comprising microorganisms) at a level that they efficiently assemble through
the flocculation stage and are then retained by clarification and/or filtration [2]
[7] [93]. Further, coagulation handles retaining NOM via a phase modification
that transforms dissolved organic matter (DOM) into particles: either directly by
precipitation or by adsorption onto particles formed by the coagulant [11] [12]
[17]. When metal coagulants are introduced into the water, chemical responses
happen with both particles and NOM. Thus, when a coagulant is injected, the
NOM works as a ligand that complexes the positively charged metal ions, exer-
cising a coagulant demand that should be overcome before flocculation could
take place [18] [29] [37]. Further, the type of NOM possesses a crucial effect on
the coagulation efficiency. For instance, a two-fold augmentation in coagulant
injection is requested to coagulate equal mass concentrations of fulvic acids as
compared with humic acids [167].

Consequently, coagulation has to be adopted as a “combined” method that
considers both NOM and colloids (i.e., turbidity) while having regard to their
different coagulation properties [93]. As an illustration, for the pH conditions of
most water sources (pH 6 - 8), NOM and colloids carry a negative charge that
becomes more negative with augmenting pH. Nevertheless, the negative charge
of NOM is usually between 5 - 15 peq/mg carbon, whilst that of colloids is be-
tween 0.05 - 0.5 peq/mg particle, following the colloid type [1]. Coagulant injec-
tion is controlled by NOM, not by turbidity. Turbidity must augment considera-
bly, in the absence of a related NOM elevation, for turbidity to control the coa-
gulant injection. Since NOM levels can quickly augment four- to five-fold during
storm events, it is fundamental that DWTPs possess an excellent comprehension
of NOM’s influence on coagulant injection [168]. The inability to set the coagu-
lant injection following an alteration in NOM can participate in suboptimal

coagulation circumstances and a reduction in pathogen log removal capacity [1].

7.2.2. Membrane Treatment

It is well established that NOM is in charge of membrane fouling that could con-
siderably damage water treatment functioning [1] [102] [103]. As a rule, the hy-
drophilic neutral fraction of NOM, including polysaccharides and proteins in
macromolecular and/or colloidal form (Ze., biopolymers), is in charge of mem-

brane fouling [104] [105] [169]. It is suggested that once fouling is begun by
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biopolymers, a lowering in electrostatic forces lets hydrophobic NOM to adsorb
to the membranes, conducting to more fouling [169]. Scientists [170] affirmed
that biopolymer levels around 0.1 mg/L conducted to reversible (Ze., removable
by backwashing/air scour) and irreversible (e, removable by chemical cleaning)
fouling. Researchers [171] noted that fouling by protein-like substances that
were not detected in the feed water is related to low levels (detection limit not
given).

Additional parameters that influence membrane fouling implicate membrane
properties (like the type of membrane, pore size distribution, material, surface
charge, hydrophobicity), running circumstances (such as flux, recovery, pre-
treatment, backwashing, chemical cleaning), and water quality (like pH, ionic
strength, concentration, and character of the foulant) [1].

DWTPs must possess an excellent comprehension of the manner by which the
NOM in their source water will interact with membranes to avert configurations
that cause important fouling [1]. Pretreatment could be requested to decrease
biopolymer levels [169]. Pretreatment remains to be adapted to each individual
source since effectiveness is source-specific [172]. In order to eliminate aggre-
gated foulant, a program of methodical backwashing and periodic chemical
cleaning, employing appropriate foulant-based cleaning chemicals has to be as
well applied [1].

7.2.3. Aesthetic Problems
There is no doubt that NOM is in charge of aesthetic troubles like color, taste,
and odor [1] [40].

Color provoked by the occurrence of organic matters could take place in both
surface and groundwaters [1] [40] [173]. Organic color has a tendency to be
formed by the occurrence of humic and fulvic acids, which are black- to yel-
low-colored substances [40] [124]. Researchers [153] affirmed that 87% of the
substances in charge of color in 10 U.S. sources were colloidal and 3.5 - 10 nm in
size. Conversely, scientists [174] affirmed that 40% of the compounds in charge
of color in seven Finnish sources were <10 kDa (about 1 nm). Highly colored
sources have a tendency to possess a higher level of high molecular weight hum-
ic acids, which may account for these dissimilarities in size distribution [1]. Ful-
vic acids constitute a more complicated mixture of low molecular weight com-
pounds that are more hydrophilic than humic acids, and they possess an impor-
tant effect on the demanded coagulant injection. In addition, a bigger part of
fulvic acids is non-coagulable at any pH or coagulant injection [1]. Since humic
and fulvic acids are serious DBP precursors, convenient color elimination could
be required to satisfy DBP guidelines [108] [145]. For instance, investigators
[173] detected THM formation potentials of 250 - 262 ug/L (7-day formation
potential test at 20°C and at around pH 8) for a highly colored groundwater
supply with naturally occurring humic and fulvic acids (TOC = 3.93 - 4.70 mg/L;
UV absorbance = 0.1829 - 0.1907).

Moreover, tastes and odors could be formed by volatile compounds generated
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by the microbial biomass (such as actinomycetes, cyanobacteria, fungi), which is
washed in from the terrestrial medium or naturally exists in the aquatic sys-
tem/aquifer [1] [29]. Twenty years ago, scientist [175] specified about 200 vola-
tile organic compounds that generate unwanted tastes and odors. Terpenoids
(such as geosmin and 2-methylisoborneol), sulfides and polyunsaturated fatty
acids were defined as the most odorous. Different scientists recognized pyrimi-
dines as troublesome [176]. Actinomycetes and fungi could survive in the soft
deposits (i.e., accumulated deposits containing organic and inorganic matter) of
water distribution systems. Thus, the distribution system can represent a source
of taste and odor issues.

In addition, Cl, responses with NOM can participate in tastes and odors [4]
[44] [77]. Especially, nitrogen-rich NOM could produce odorous aldehydes,
N-chloraldimines, or nitriles if convenient circumstances subsist with either Cl,
or chloramines [1]. Reaction mechanisms are a function of the selection of dis-
infectant, disinfectant to amino acid molar ratio, pH, temperature, and reaction
time [115] [118]. Amino acids have been recognized as the essential odor-causing
precursor and they could be liberated by the lysis of bacterial or algal cells or
when proteins are oxidized [1]. Table 8 furnishes the odor threshold levels that
have been mentioned in the literature for such compounds. Since nitriles possess
much higher odor threshold levels (see Table 8), they are not usually involved in
taste and odor events [1]. Further, odor-causing compounds (like terpenoids)
and precursors (such as amino acids and proteins) are not efficiently eliminated
by traditional treatment [28] [49]. Therefore, additional techniques should be
needed to reduce tastes and odors [5] [10] [38]. When odorous compounds are
produced, they could remain in the distribution system for more than 500 hours
(=21 days) at 15°C [1]. Their levels could as well augment in the distribution
system because of the liberation of amino acids or peptides from the biofilm [1].
To help DWTPs evaluate and reduce unpleasant tastes and odors, guidance ma-

terial is obtainable elsewhere [177].

8. Measurement and Characterization

An efficient NOM control procedure requests an excellent comprehension of the
origin, presence and change that happens in the source water [178]. DWTPs
must possess a very comprehension of 1) their water source and the type and
formation of NOM,; 2) if NOM changes seasonally or with precipitation/snowmelt

events and; 3) how NOM interacts with treatment processes [1].

Table 8. Odor threshold levels known for NOM-related compounds [1].

Odorous by-product Odor threshold level (ug/L) Reported odor
Aldehydes 0.15-30 Swampy swimming pool
N-chloraldimines 0.20-3 Floral swimming pool
Nitriles 210 - 430
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8.1. Notices for Measuring Natural Organic Matter (NOM)

Further, TOC measures all organic carbon in a water sample and is the sum of
particulate organic carbon and DOC; the latter is practically described as the or-
ganic carbon that could pass through a 0.45 pum filter [1] [179]. Because the filter
could drain some organic carbon to the sample, it is suggested that at least 50
mL of organic-free water be passed through the filter and filter assembly before
filtering the DOC sample [180]. TOC and DOC are quantified indirectly from
the CO, that is generated by UV-catalyzed chemical oxidation or by high-temperature
combustion.

Moreover, UV-visible light absorbance at 254, 350, and 440 nm could be li-
nearly related to the DOC level in some freshwater systems. Nevertheless, linear
correlations remain less probably to be encountered in sources with strong au-
tochthonous or anthropogenic inputs or where DOC has been largely decom-
posed by natural UV light (such as long retention time in the lake) [181]. Quan-
tifying UV s, has historically been utilized in the water industry [1]. Samples
have to be filtered to retain particle-related alterations in UV absorbance [179].
As a rule, it is mostly tolerated that an alteration in UV absorbance gives an ex-
cellent sign of modifications in NOM [182]. Watching online (or daily) UV ab-
sorbance furnishes worthy data to engineers on uncertain effects to the coagu-
lant injection, since NOM levels may vary without any detected fluctuation in
the flow (or turbidity) [1]. Apart from that, engineers are not conscious of coa-
gulant under-dosing until turbidity spikes are noted in clarified water or filter
effluent. It stays fundamental that relationships be proposed on a source-specific
basis since the link between NOM and UV absorbance is unique to each source
[1]. In several circumstances, it is not easy to determine a relationship between
UV,;, and DOC [181]. Watching UV-visible light absorbance over a larger do-
main of wavelengths can be more suitable in numerous situations [182]. On the
other hand, the loss of a relationship could be related to the occurrence of NOM
that has low UV absorbance (like proteins and sugars) or a high nitrate amount,
which may interfere with this quantification. Watching UV-visible light absor-
bance over a larger domain of wavelengths could as well give a more sophisti-
cated characterization [1].

UV transmittance is a proportional measure of how much light passes
through a water sample (at UV,;, nm, usually through a 1 cm path length) jux-
taposed with how much light passes through pure deionized water (which has a
UV transmittance of 100%) [1]. Since UV absorbance and UV transmittance are
mathematically related as per Equation (1), no date is lost via selecting one pa-

rameter over the other [183]:

uv absorbance(cm’1 ) =2-log,, UV transmittance (%) (1)

On the other hand, COD helps to provide some evidence of the level of oxi-
dizable organic matter in a water sample [1]. With reference to past events, the
COD test method (utilizing potassium dichromate) was not responsive suffi-

ciently for potable water. Methods that are more responsive have since been
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suggested. Data on the average oxidation state of organic carbon during water
treatment could as well be obtained employing a ratio of the molar concentra-
tions of COD and TOC/DOC [1].

With reference to past events, color has been quantified utilizing colorimetric
techniques. The occurrence of suspended solids (like clay, iron and manganese
oxides) could attribute water the appearance of color and must be retained by
filtering the sample through a 0.45 um filter before measurement of NOM-related
organic color (like color-related mainly to the existence of humic and fulvic ac-
ids). A filtered sample is practically described as “true color” [179]. Investigators
have as well employed visible light absorbance at 420 nm as a measure for or-
ganic color [150]. Nevertheless, a 450 - 465 nm wavelength is suggested as a
standard spectrophotometric method [179]. The spectrophotometric procedure
needs that samples be filtered through a 0.45 um filter [179]. Juxtaposing true
and apparent color findings could let DWTPs decide if color objections are
NOM-related. The apparent color applies to unfiltered samples and is a helpful
quantification to evaluate the existence of iron and manganese oxides in the dis-
tribution system [1].

Quantifying the above-mentioned variables stays easy and quick to do, and
numerous tests could be automated. Such measurements could show a modifica-
tion in water quality is happening; nevertheless, they do not provide data con-
cerning the nature of the NOM. Scientists noted that UV,;, divided by the mg/L
of DOC might be a useful index of the NOM feature [1]. Later, such a notion
became familiar as specific UV absorbance (SUVA). Further, calculating the
specific color (true color divided by mg/L DOC) could furnish helpful data [1].

8.2. Natural Organic Matter (NOM) Characterization

8.2.1. Specific Ultraviolet Absorbance (SUVA)

As seen above, the idea of SUVA has been proposed as a working index of NOM
nature and coagulation performance for eliminating NOM removal [1] [2]. Ta-
ble 9 lists the usually adopted relationships between SUVA, NOM composition,
UV absorbance, coagulation and potential TOC removal. Evaluating SUVA is
broadly utilized to estimate NOM type since it is simple and inexpensive to as-
sess and is an excellent index of alterations in source water quality [2] [135]
[137]. As an illustration, investigators [178] followed DOC and UV, for the
White River (Muncie, Indiana) on a daily basis for 22 months. During this time,
SUVA varied from 1.40 to 10.51 L/mg-m. Lower levels were related to periods of
low runoff and high algal activity (i.e., hydrophilic, autochthonous NOM); how-
ever, high levels were attributed to snowmelt and storm runoff. During a typical
rainfall event, SUVA augmented from 2.6 to 4.5 L/mg-m during 12 h, showing
that hydrophobic, allochthonous NOM was being flushed into the source from
the terrestrial watershed. Researchers [184] discussed 18 months of surface water
data from the U.S. Environmental Protection Agency (U.S. EPA) and discovered
an evident relationship between SUVA, source water properties, and the coagu-

lation performance for eliminating organic carbon [1].
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Table 9. Link between SUVA and potential TOC elimination [1].

SUVA NOM uv Coagulation Potential
(L/mg-m) composition absorbance gt TOC removal
NOM has little 0% - 40%:
Mostly hydrophilic* impact on o7 >
. higher end for
<2 and low molecular Low coagulant injection

K K . waters with
weight compounds (ie., mainly

high TOC
non-coagulable NOM) 8
Mixture of hydrophilic NOM impacts 40% - 60%;
and hydrophobic . P higher end for
2-4 . Medium coagulant K
compounds; mixture iniection waters with
of molecular weights ) high TOC
60% - 80%;
Mostly hydrophobic NOM controls . o 5
8 . higher end for
>4 and high molecular High coagulant .
i L waters with
weight compounds injection

high TOC

"The hydrophilic neutral fraction could possess an elevated SUVA that can mislead water treatment design-
ers regarding the potential for organic carbon removal utilizing coagulation.

Broadly, elevated SUVA sources (>4 L/mg-m) possess NOM that is amenable
to coagulation [2]. Nevertheless, the hydrophilic neutral fraction could possess
an elevated SUVA that could be misleading with respect to the potential for or-
ganic carbon removal employing coagulation [11]. Further, attaining DBP
guideline limits will be a function of the raw water NOM level and whether
enough quantity of reactive NOM could be eliminated [145]. If the post-coagulation
DOC residual stays reactive with respect to DBP generation, additional tech-
niques targeting the elimination of specific NOM portions will be required [1].
Because humic and fulvic acids are big DBP precursors, the appropriate color
reduction could be requested to satisfy DBP removal [115]. Low SUVA sources

have a tendency to possess NOM that is not amenable to coagulation [1].

8.2.2. Chemical Consumption

Following chemical consumption (like coagulant injection, chlorine demand)
and determining the particular injection or demand (Ze., mg/L per mg/L DOC)
could aid DWTPs to evaluate alterations in NOM quality. For instance, re-
searchers [185] affirmed that the particular coagulant injection lessened when
allochthonous NOM inputs augmented. Likewise, scientists [186] confirmed that
the hydrophilic base fraction of NOM forms important chlorine demand, as
shown in Table 10. Such a portion includes compounds that are biodegradable
(like amino acids). Therefore, eliminating such compounds utilizing biological
filtration methods could diminish chlorine demand and DBPs [1]. Investigators
[187] alerted that DOC and chlorine demand do not correlate to THMs and
HAAS5 (i.e., monochloroacetic acid, monobromoacetic acid, dichloroacetic acid,
dibromoacetic acid and trichloroacetic acid) because of the existence of some
compounds that present important chlorine demand but do not form DBPs. On

the other hand, scientists [188] established a linear correlation between THMs
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Table 10. Effect on chlorine demand by NOM portions (+, lowest demand; ++++, high-
est demand) [1].

Portion Chlorine demand
Hydrophobic +
Hydrophilic—acids and neutrals ++
Hydrophilic—bases ++++
Colloidal +

and chlorine demand (& = 0.94). Further, they observed that chlorine demand
may be employed to forecast THM levels in the distribution system when NOM
oxidation and halogenation processes dominate, compared with other reactions
that consume chorine (like oxidation of inorganic species, photolytic and corro-
sion processes). Care is suggested when evaluating tendencies related to chlorine
demand or specific chlorine demand because reactions are possible to change
based on seasonal and weather-related effects, the treatment processes in place,

and where chlorine is added [1].

9. Treatment and Distribution System Notices

The source-to-tap or water safety plan’s approach, which involves the accurate
choice of the highest quality water source and source water protection, stays an
admitted approach to manage risks to drinking water safety [1]. In order to de-
fine the most convenient treatment solutions for the full range of water quality
conditions, source-specific treatability studies, comprising bench- and/or pi-
lot-scale testing, have to be performed.

Temporal alterations in the level and type of NOM could possess a considera-
ble impact on the choice, design, and application of water treatment processes
[47]. Indeed, DWTPs have to merge hazards that are affected by changes in cli-
mate (like algal blooms, drought, fire, and flood) into the procedure to maximize

the reliability, robustness, and resilience of their systems [1].

9.1. Selection of Convenient Treatment

With a view to suitably choice, design, and run DWTPs, a comprehension of the
changes in the level and type of NOM is obligatory—for the full range of cir-
cumstances faced over the year, for both surface and groundwater sources [47].
To define the most convenient treatment techniques, DWTPs have to under-
stand the following [1]: 1) the origin, occurrence, and fluctuations in NOM; 2)
interactions with other water constituents (like enhanced reactivity due to bro-
mide); 3) interactions with chemicals injected during treatment (NOM provokes
a disinfectant and coagulant demand that should be overcome to guarantee mi-
crobiologically safe potable water); 4) interactions with unit processes (NOM
fouls adsorbents and membranes) and; 5) effects on distribution system water

quality.
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9.2. Treatment Options

Numerous treatment solutions are obtainable to eliminate NOM. Optimized
coagulation remains the most frequently utilized technique since it is efficient in
most implementations [108]. Nevertheless, its applicability has to be cautiously
examined on a source-specific basis since coagulation could only retain some
NOM parts; the residual parts (those not eliminated by coagulation) can react
with disinfectants such that DBP guidelines are not attained [2]. For instance,
allochthonous NOM has a tendency to be hydrophobic in nature and is usually
amenable to coagulation; however, hydrophilic NOM has a tendency to be hard-
er to remove [11] [178]. De facto, for sources high in hydrophilic neutral NOM,
coagulation will be inefficient [1]. Therefore, it is so crucial that jar testing and
DBP formation potential testing be realized to define the applicability of opti-
mized coagulation for NOM elimination [29]. Further or mohair treatment solu-
tions involve nanofiltration, ion exchange, granular activated carbon (GAC) or
powdered activated carbon (PAC), biological filtration, and oxidation processes
[26] [89] [145].

Treatment solutions and their noted performance are widely discussed in the
literature [1]. Findings establish that NOM elimination could be very changing.
More detailed data concerning treatment is obtainable in several references [2]
[91].

9.2.1. Optimized Coagulation

Coagulation is a complicated chemical method that could be optimized for both
NOM and turbidity removal [108]. Coagulation implicates two essential routes:
the first one is composed of charge neutralization and the generation of inso-
luble precipitates; the second one includes adsorption onto aluminum or ferric
hydroxide floc (ie, sweep coagulation) [8]. Each route is endorsed by some
running circumstances linked to pH and coagulant injection [2]. As pH aug-
ments, NOM becomes increasingly negatively charged; however, coagulant hy-
drolysis products with lower positive charge prevail. Consequently, at pH > 7 a
four-fold augmentation in the coagulant dosage is needed to beat NOM’s nega-
tive charge juxtaposed with that requested at pH 5.5 [1]. Above pH 7, NOM re-
duction is inferior [2]. Physical parameters (like mixing of the coagulant and
mixing circumstances in the flocculator) could touch floc production. Usually,
coagulation chemistry dominates the phenomenon [2].

Selecting a coagulant is a function of the properties of the water to be treated.
Obtainable coagulant selections (like aluminum- and ferric-based coagulants,
inorganic polymer flocculants, organic polyelectrolytes, composite coagulants,
and novel coagulants) are examined elsewhere [1]. Several coagulants furnish a
broader operational window in matter pH; however, it is remarkable that for all
metal coagulants, the pH of minimum solubility augments as temperature de-
creases [1]. For alum, optimum performance usually happens at pH values near
to the pH of minimum solubility (ie., 6.5 - 6.7 at 4°C and 6.0 - 6.2 at 20°C)

[189]. Because the pH of minimum solubility is bigger at lower temperatures, a
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greater coagulant dosage could be required to beat the more negative charge on
NOM with the lower positive charge on coagulant hydrolysis products, as men-
tioned previously. Rigorous pH control is needed for optimum coagulation; in-
deed, pH has to be maintained constant from coagulant introduction to after fil-
tration to efficiently retain floc particles. Even a small pH alteration could libe-
rate NOM that was already combined into flocs [2]. Jar testing remains re-
quested to optimize coagulant choice [27].

Moreover, NOM dictates the size, structure, and strength of the flocs, control-
ling both the extent and the rate of the clarification or filtration processes [155].
Numerous investigations have established that low-density NOM flocs are more
susceptible to flotation than to sedimentation [1].

The charge-driven type of NOM coagulation implies that electrophoretic
monitoring is suitable [7]. In any other way, engineers are not well informed of
coagulant under-dosing until spikes in settled water or filter effluent turbidity
are detected [1] [145]. If possible, the raw water has to be constantly watched to
optimize the coagulant injection [145] [160]. Online watching instruments for
NOM comprise TOC, DOC, UV absorbance, and COD; for particle destabiliza-
tion, they involve zeta potential or streaming current [18]. Maximum NOM eli-
minations have been reached when the coagulant particle charge is near neutral
as detected by zeta potential or streaming current [18]. Negligence to regulate
the coagulant injection following a variation in NOM could participate in sub-
optimal coagulation circumstances and a diminution in pathogen log removal’s
capacity [2] [29].

Table 11 sums the TOC compliance monitoring data published by the U.S.
EPA [190] as part of its third Six-Year Review. The data report the TOC elimi-
nation (in percent) obtained at traditional surface DWTPs as a function of the
influent water quality matrix established by the Disinfectants/DBP Rule. As a
rule, the U.S. EPA affirmed that regulated DWTPs are reaching higher reduc-
tions than mandated, even if several DW'TPs have not been apt to attain reduc-
tion requirements. The report warned that the data analysis could not decide
which DWTPs are permitted to determine alternative performance criteria or
which may have treated water TOC less than 2 mg/L [1] [190].

Table 11. TOC eliminations noted from U.S. EPA compliance monitoring data (2006-2011)
[1] [190].

Influent TOC Influent alkalinity (mg/L CaCO,)
(meg/L) 0 - 60 mg/L >60 - 120 mg/L >120 mg/L
Mean® 41.7% Mean 35.2% Mean 30.4%
>2 -4 T i i

Median® 41.6% Median 35.1% Median 30.1%

4.8 Mean 54.7% Mean 46.8% Mean 44.1%
Median 54.3% Median 46.3% Median 43.9%

-8 Mean 66.2% Mean 46.3% Mean 46.9%
Median 66.4% Median 44.2% Median 47.8%

*Mean TOC removal; "Median TOC removal.
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More details may be found elsewhere [1] [2].

9.2.2. Membrane Filtration

Presently, four sorts of pressure-driven membranes are utilized in potable water
treatment: microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and
reverse osmosis (RO) [105]. Usually, membranes are categorized by the kind of
substances they retain, working pressure, and pore size or molecular weight and
cutoff (MWCO) [102]. MF and UF are referred to as low-pressure membranes
and are utilized for particle/pathogen removal. The preponderant elimination
route is straining or size exclusion. NF and RO are referred to as high-pressure
membranes and are employed for retaining NOM and inorganics (like sodium,
chloride, calcium, magnesium) [56] [106]. The preponderant reduction route is
dissimilarities in the solubility or diffusivity [1] [123].

The size distribution of NOM changes between sources; however, commonly,
over 50% of NOM molecules possess a molecular weight of <1 kDa and 80%
possess a molecular weight of <10 kDa [1]. Thus, a tight NF membrane is needed
to retain the majority of DBP precursors, as shown in Figure 2. Researches show
that the optimum MWCO for NOM retention is 0.2 - 0.3 kDa [1].

Figure 2 depicts that MF membranes could not retain any NOM parts other
than biopolymers. UF membranes can retain some NOM, as illustrated in Fig-
ure 2; however, DBP formation potential could not reduce suitably. For in-
stance, researchers [1] mentioned a global DOC retention of 66% for full-scale
UF membranes (absolute pore size = 0.01 um). THM and HAA formation po-
tentials diminished by 54% and 77%, respectively; however, both of them stayed
elevated at 200 pg/L and 80 ug/L, respectively (test conditions: chlorine 1.0 + 0.4
mg/L at room temperature for 24 h). Scientists [1] obtained color retentions
of >85% for 27 full-scale NF membrane plants in Norway (raw water’s color = 35 -
50 mg Pt/L; MWCO =1 - 2 kDa).

RO
reverse osmosis
NF
nanofiltration

UF
Small ultrafiltration
acids
Small neutral Humic and fulvic acids,

substances, degradation products of humic microfiltration

alcohols, and fulvic acids

ketones,
aldehydes, Bi
amino acids iopolymers,

polysaccharides,
proteins, amino sugars
I I | | I I I
0.1 0.5 1 5 10 30 100

Molecular weight and cutoff (MWCO) (kDa)

Figure 2. Natural organic matter (NOM) parts retained by membrane processes [1].
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9.2.3. Activated Carbon

Activated carbon is an absorbent material that furnishes a surface on which ions
or molecules in the raw water could concentrate [1]. It could be used in two fa-
shions: slurry implementations employing PAC or fixed bed reactors with GAC
[177]. The reduction routes implicate adsorption of DOM onto PAC or GAC, as
well as biodecomposition of BOM in GAC fixed bed reactors if an active biofilm
produces. Researchers [1] observed that biofilms could generate in GAC ma-
cropores even in the existence of chlorine.

The first application of PAC and GAC in water treatment is to retain micro-
pollutants as well as taste- and odor-causing substances [1]. Employing PAC
presents the merit of furnishing virgin carbon when needed (such as during the
taste and odor season). GAC fixed bed devices are run identically to traditional
rapid rate filters; thus, the GAC features (like type, particle size, reactivation
technique) and running circumstances (such as filter velocity, empty bed contact
time, backwashing regime, filter run time) touch their efficacy.

The huge specific surface area and well-developed porous structure of GAC
could give high sorption capacity for organic compounds [1]. Nevertheless, GAC
has not been largely utilized as a first NOM control strategy since the adsorption
capacity of GAC has a tendency to be rapidly depleted (in the order of months)
and regeneration could be expensive [1]. As an illustration, the U.S. EPA [190]
mentions a 120-day reactivation frequency for systems with TOC of <6 mg/L
utilizing an empty bed contact time of 10 min. Eliminating high molecular
weight hydrophobic NOM by traditional treatment techniques could greatly
elevate the working life of GAC [191]. Further, once the adsorption capacity is
depleted, GAC could persist to retain NOM via the biodegradation route, al-
though at lower efficacies [1].

Consequently, combining PAC or GAC as a supplementary technique could
ameliorate NOM elimination [177]. For PAC, the dose and contact time are
fundamental parameters. Findings for two full-scale traditional DWTPs (both
utilizing alum coagulation) are mentioned in the literature [1]. In the first one, a
PAC dosage of 150 mg/L ameliorated DOC reduction by 20% and THM precur-
sors by 80% [192]. In the last one, a PAC dosage of 11 mg/L increased DOC re-
duction by 7% but attained no amelioration in the elimination of THM precur-
sors [1]. Jar testing is advised to optimize the PAC sort, dose, and contact time.
For GAC, investigations show that the pore volume has to be in a size range that
matches the source-specific NOM for GAC to be efficient [191]. As mentioned
by scientists [191], the surface area and total pore volume are not sufficient cri-
teria for choosing a GAC for NOM reduction, since such factors do not give data
concerning the accessible pore region. Karanfil et al [191] proposed that
DWTPs demand detailed data concerning the pore size distribution and the pH
of the point of zero charge for candidate GACs. Rapid small-scale column trials
have to be performed to juxtapose the efficiency of alternative GACs, especially
for low SUVA sources [191]. Further, the abrasion of GAC particles has to be
taken into account, because abrasion could conduct to the lack of GAC material
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and stratification inside the bed, both of which are unwanted [1].

DWTPs that employ activated carbon for eliminating pesticides or different
trace contaminants have to be conscious that NOM competes for adsorption
sites and could reduce technique effectiveness. Pretreatment could be needed for
reducing NOM, to guarantee that the technology stays economical for its wanted

aim [1].

9.2.4. Biological Treatment
Biological treatment focuses on eliminating the BOM portion that promotes bio-
film growth in the distribution system and augments chlorine demand [1]. Thus,
the performance of biological treatment is a function of the quantity of BOM
that is existing in the water, the microbial community consuming the BOM, and
the temperature [54] [104]. Recalcitrant or refractory NOM is improbable to be
retained by biological techniques unless it is oxidized to convert it into BOM. As
a rule, biological treatment ameliorates the biological stability of the water and
reduces DBP levels, as well as tastes and odors [1].

The principal biological treatment techniques for potable water involve river-
bank filtration, rapid granular media filtration without the maintenance of a
disinfectant residual across the bed, and slow sand filtration [1].

More details may be found elsewhere [1].

9.2.5. Oxidation Processes
Oxidation processes comprise ozone [90], chlorine dioxide [4] [77], and ad-
vanced oxidation processes (AOPs) like ozone/UV [26], ozone/H,0, [84],
UV/H,0, [86] [101], and Fenton’s reaction [78] [89]. Following usual water
treatment cases, oxidation processes convert the type of organics rather than
eliminate bulk NOM [78] [89]. Therefore, oxidation processes are commonly
utilized for killing pathogens, taste and odor control, and decomposition of tar-
get organic pollutants. Further, O, and CIO, have a tendency to force NOM less
responsive with Cl,, which usually leads to reductions of THMs and tri-HAAs;
nevertheless, several DBPs could augment like halonitromethanes and haloke-
tones [1]. Ostensibly, AOPs could eliminate a set of NOM; however, they could
as well augment the generation of DBPs and dichloroacetic acid (DCAA) espe-
cially [193] [194] [195]. Dissimilarities between DCAA and trichloroacetic acid
(TCAA) generation were affirmed [1]. In situations designated by negative val-
ues, an elevation in DBPs happened because of treatment. Therefore, researchers
[1] suggested an accurate estimation of oxidation processes when they are ap-
plied for DBP control. Because oxidative processes may lead to the removal of
numerous DBPs while augmenting others, mitigative precautions have a ten-
dency to concentrate primarily on reducing DBP production by maximizing
NOM elimination [177]. Consequently, employing mohair disinfectants to de-
crease DBP generation has to be adopted carefully [5] [10] [38].

DWTPs have to be conscious that all oxidants, comprising Cl,, form biode-

gradable products upon reaction with NOM [4] [44] [77]. Therefore, biologically
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active filtration could be needed to stabilize treated water. Further, DWTPs have
to be up to date that all oxidants decrease UV absorbance, which influences
SUVA without a related diminution in the NOM level. Consequently, it remains
crucial to adopt suitable sampling sites when measuring UV absorbance to de-
termine SUVA [1].

9.3. Distribution System

The BOM (biodegradable part of NOM) influences distribution system water
quality via furnishing a source of nutrients that participates in bacterial regrowth
and biofilm development. Biofilms could give a habitat for the survival of pa-
thogens of fecal origin that may have passed across drinking water treatment
barriers. Opportunistic premise plumbing pathogens (OPPPs) like Legionella
and non-tuberculous mycobacteria (e.g., Mycobacterium avium, Mycobacterium
intracellulare) are as frequently observed in biofilms of piped drinking water
supplies [1]. The chance for the multiplication of OPPPs in the distribution sys-
tem and plumbing system biofilms is of augmenting worry to the DWTPs. For
instance, in the United States, the most frequently noted reason of eruptions re-
lated to potable water is Legionella linked to building plumbing systems (largely
in hospitals or health care facilities that fall outside the jurisdiction of water util-
ities) [1].
More details may be found elsewhere [1].

10. Conclusions

From this review, the following observations and conclusions arose:

1) DWTPs have to compile water quality data to regulate their water treat-
ment techniques, satisfy regulatory requirements associated with DBPs, lead and
copper, as well as lessen biofilm generation. Site-specific situations and treat-
ment targets affect monitoring requirements, comprising, but are not limited to
parameter selection, analysis method, and frequency. The monitoring frequency
is frequently founded on source variability and/or the critical nature of treat-
ment technology. Highly variable water sources and critical processes have to,
therefore, be controlled on a more frequent basis [1].

2) Raw water control has to be performed to distinguish the source and better
grasp the circumstances that conduct to alterations in the levels and/or type of
NOM (e.g., precipitation/snowmelt events, algal blooms, drought, fire), and the
parameters that ameliorate the reactivity of NOM to produce DBPs (e.g., reac-
tion parameters, water age, inorganic compounds such as ammonia, bromide,
iodide, and sulfur). Continuing running control and treatment regulation will
assist to guarantee that DWTPs conveniently eliminate NOM to satisfy linked
water quality aims concerning microbial dangers, DBPs, biological stability, and
corrosion control. The compiled data have to be examined to evaluate the fol-
lowing [1]:

- If, and how, source water quality is varying (like true color, UV absorbance,
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DOC, SUVA);

- If a correlation exists between raw water DOC and other surrogates are uti-
lized to quantify NOM level (like true color, UV absorbance);

- How NOM is affecting water treatment techniques (like chemical utilization
and specific chemical injection/demand) and if control restrictions have to be
defined;

- How the treatment is influencing NOM (such as remaining NOM level, alte-
ration in SUVA, specific DBP yields, specific color) and if control restrictions
have to be defined;

- Distribution system effects (like DBP levels, lead/copper levels);

- Biological stability (like variability in disinfectant residual, biofilm formation
rate, modifications in corrosion rates); and

- If a correlation exists between treated water NOM surrogates (such as DOC,
true color, UV absorbance, COD) and distribution system water quality (like
DBPs, specific DBP yields, lead, copper, biological stability).

3) A permanent amelioration action has to be implemented to guarantee wa-
ter treatment is regulated to attain water quality targets and increase public
health safeguards for the full range of water quality circumstances. Treated water
quality objectives will be source- and system-specific for the next causes [1]:

- Numerous sources could possess a higher specific DBP yield (like pg
DBP/mg DOC) than other sources. This could be related to source-specific
dissimilarities in NOM type (such as some NOM portions produce more
DBPs than others do) or the occurrence of inorganic compounds that aug-
ment DBP formation rates (like ammonia, bromide, iodide, and sulfur).
Sources with higher specific DBP yields are classified as more “reactive”.

- Some systems have extensive distribution systems. A distribution system with
a residence time of 7 days and a temperature of >15°C will need a different
level of NOM removal to meet DBP guidelines than one with a residence
time of 3 days and a temperature of <15°C.

4) For more responsive sources and extensive distribution systems, water has
to be treated to more strict requirements, since there is a bigger probability for
DBP generation. Less responsive sources have more flexibility concerning upper
control limits for most of the parameters, with the following exceptions [1]:

- COD: as COD quantifies oxidizable organic matter, a highly responsive
source with 2 mg/L TOC and a less responsive source with 4 mg/L TOC
could possess comparable COD levels.

- DOC for biological stability: a DOC of <1.8 mg/L is proposed to minimize
the biofilm generation rate and disinfectant variability regardless of source
water quality or secondary disinfectant used for residual control (free chlo-

rine).
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